shown], but oscillatory power increased significantly 2
We next examined mean PN response firing rates. In higher odor concentrations is due, at least in part, to some PN-odor combinations, mean firing rates instronger activation and periodic modulation of LNs.
creased with concentration (e.g., PN13, Ger and Hex, Third, extracellular (n ϭ 47, see Experimental Proce- Figure 2C ). In others, firing rates were highest at the dures) recordings were made from PNs, simultaneously lowest concentrations (e.g., PN8-Oct, Figure 2C ). The with LFP recordings. We found that the mean phase of responses of 110 PNs (15 trials each) were pooled (Fig-PN spikes during odor responses was unchanged by ure 2D), and mean response rates were measured over stimulus concentration ( Figure 1C) ; similar results were several intervals (1, 2, 3, or 4 s from stimulus onset) for all obtained with intracellular recordings. Thus, while global three odors and five concentrations; in all combinations, oscillatory power in the AL output increases with conneither odor identity nor concentration had any effect centration, PN firing phase with respect to the ensemble on mean response rates (two-way ANOVAs, Figure 2E Figure 2E ). In addition, times, abruptly with concentration. Figure 2A shows the this result suggests that the increase in LFP power with responses of one PN to four concentrations of cherry concentration ( Figure 1A ) results mainly from tighter odor. At 0.001, this PN fired with a sustained train of synchronization of PNs (their preferred firing phase inaction potentials followed by a long hyperpolarization. deed sharpens with concentration; see vector strength, At 0.01, the excitatory segment of its response to that Figure 1C ), itself related to (possibly as a cause and a odor was slightly lengthened and the hyperpolarization consequence of) increased efficacy of inhibition (Figure reduced, indicating some continuity in response tuning 1B). The total AL output is thus adaptively regulated across concentrations. At 0.1, however, the response over input intensities. changed substantially, now consisting of an early period of hyperpolarization followed by a train of action potentials. As the concentration was increased again, the PN's Spatiotemporal Population Patterns We sought to examine response patterns across the PN response profile changed little. This example indicates that the responses of PNs to odors are determined by population, first, from groups of PNs recorded simultaneously (e.g., Figure 3A , left bracket, the same 14 PNs competing excitatory and inhibitory inputs, whose timing and relative influence change, sometimes unpredictas shown in Figure 2B ), and second, to better assess the ensemble response of the AL, from 110 PNs pooled ably, with stimulus concentration. We then carried out extracellular tetrode recordings from multiple PNs (n ϭ from 15 experiments ( Figure 3A , full set). In each experiment, the animal was given 15 trials each of five concen-110 cells in 15 experiments, odorants adjusted to equalize vapor pressure, see Experimental Procedures). The trations of the same three odorants, in random order (225 trials per experiment). Of these three odorants, two changes in response patterns over odors and concentrations varied greatly across PNs; we could find no were structurally similar (hexanol and octanol) and both were dissimilar from the third (geraniol, a terpene). For simple rule that, if applied to each PN, would allow us to predict the evolution of its responses across odor each experiment, spikes were binned using two methods: (1) because PN output is decoded by Kenyon cells concentrations. Figure 2B shows the responses of 14 simultaneously recorded PNs to five concentrations of (KCs) over individual LFP oscillation cycles (Perez-Orive et al., 2002), we binned the spikes by LFP oscillation the three odorants, and Figure 2C shows the consistency of these responses over 15 trials with four PNs cycle (50 ms per cycle on average, see Experimental Procedures); (2) we measured spike counts in consecuselected from the 14 in Figure 2B . Responses differed greatly across odorants (e.g., PN6, 0.001Ger, and tive 50 ms bins independent of LFP cycle boundaries. Each trial was represented as a high-dimensional vector 0.001Hex) but changed also with concentration (e.g., PN13). With some PN-odor combinations, spiking reof spike counts; each vector had k ϭ n ϫ m dimensions, where n is the number of PNs considered (up to 110), sponses occurred earlier as the concentration was increased (e.g., PN13-Oct). For others, the converse was and m is the number of time bins (e.g., m ϭ 20 for 50 ms bins over a 1 s response period). Each vector thus true (e.g., PN8 Hex). As observed with intracellular recordings, the changes from one response pattern to represented the spatiotemporal pattern defined by the responses of n PNs over time in a single trial. We then another could be abrupt as odor concentration was changed (e.g., PN8, 0.1-to 1.0Ger), but such discontinuanalyzed the similarities between the vectors representing all trials; because first trial responses differ greatly ities were not observed for the same concentration step Figure 4A ). ously. In an effort to better approximate the response The PN assembly responded fairly consistently over reof the entire antennal lobe, we next analyzed odor repeated trials with the same odor and concentration sponse profiles from 110 PNs pooled from 15 tetrode (blue, Figure 4A ). When the concentration alone was experiments (e.g., composite raster in Figure 3A ; see changed, however, the patterns diverged, evident as Discussion). Spike counts were measured in consecuincreased average distances between corresponding tive 50 ms bins to produce population vectors (110 time slices (black, Figure 4A ). When the odor itself was PNs ϫ 20 bins ϭ 2200 dimensions for 1 s patterns).
changed, the ensemble responses diverged even further When we applied PCA to this data set, the reduced (red, Figure 4A ). Because the patterns of PN activation data once again revealed odor-and concentration-spechanged over time, we also examined, for each recific structures in the spatiotemporal patterns. Using sponse, differences between slice vectors measured at three PCs for visualization, we found not only that the different times. A matrix of Euclidian distances (calcuresponse patterns elicited by each odor formed distinct lated as in Figures 4B-4D) showed that distances beclusters ( for individual cycles at successive times along the trajectories. We used PCA to reduce the dimensionality of one another (forming odor-specific manifolds) but far from those of other odors. The trajectories and maniindividual 50 ms slices, one slice at a time. We found that, at certain times during odor presentation, refolds appeared connected only at rest. We also applied LLE to a data set obtained with just one odor (e.g., sponses once again clustered by odor identity (e.g., see Figure 6A , showing the first three PCs). Hierarchical hexanol, Figure 5C ). This embedding suggested that odor-evoked patterns move progressively further away clustering using eight principal components ( Figure 6B ) showed that responses clustered in concentration from the resting state (baseline) as the concentration is increased. Trajectories representing higher concentragroups, with some exceptions (primarily mixing among responses to nearby concentrations of the same odor) tions appeared to take longer to return to the rest state. The antennal lobe network can thus be described as a and that concentration groups clustered by odor (again, with some exceptions, see asterisks). Individual time dynamical system that responds to stimuli by moving away from its baseline state, in what can be visualized slice reconstructions of odor responses using eight principal components ( Figure 6C , see also Supplemental as concentration-specific trajectories on odor-specific 2 to 14) , and condition (1) above shows that the resentation of an odor at very low or very high concentrations occasionally differed significantly from the others probability of repeatedly sampling many PNs across experiments is very small (see probability distribution in within its cluster. We predict that perceptual discontinuities should occur at these transitions; this needs to be Supplementary Figure S3 at http://www.neuron.org/cgi/ content/full/39/6/991/DC1). Second, the 110 PNs in the tested behaviorally. pooled set had distinct response tunings when assessed on the three odors tested (see Figure 6C) . While Differences between Concentration we cannot be certain that the pooled set is identical to and Identity Patterning a large sampling of PNs in a single individual, all available These data extend our proposed spatiotemporal models data suggest that conditions (1) and (2) Figure 6 ), the variance captured by the first few PCs was low (24% and 30% for three and eight PCs, respectively, in Figure 3B ; Odorants For experiments with intracellular recording, odorants [monomolec-8% and 33%, respectively, in Figure 3C ; 31% and 51%, respectively, in Figure 6 ). The remaining variance was evenly distributed among ular, including 1-hexanol, 1-heptanol, cis-3-hexen-1-ol, trans-2-hexen-1-ol, hexanal, 2-heptanone, 1-octanol, and geraniol (Sigma) the remaining components, each contributing about 1% or less. When we performed the same analysis with data averaged across and 3-pentanone, (Aldrich); and blends: mint and cherry, (LorAnn Oils), neat, or serially diluted in mineral oil (J.T. Baker) to yield stimuli same-condition trials (thereby reducing the variation among vectors corresponding to the same concentration and odor pairs), the at 0.001, 0.01, 0.1, or 1ϫ of full strength] were applied to small strips of filter paper and placed in cartridges in series with separate amount of variance accounted for by individual components greatly increased. For three-trial averages (across trials of the same concenpipettes (1 cm diameter). Puffs of desiccated and filtered air (1 s, 20s-1) carried the contents of the cartridges' headspace past the tration and odor), the first three and eight PCs (analyses similar to those in Figure 3C ) captured 33% and 55% of the variance, antenna (distance, 1 cm). A large vacuum funnel behind the antenna maintained a steady flow of background air and quickly removed respectively; with four-trial averages, these numbers were 37% and 62%, respectively. In both cases, the clustering of vectors within the odorants. For experiments with tetrodes, octanol, hexanol, and geraniol were mineral oil dilution-standardized by vapor pressure concentration clusters and the clustering of concentration clusters within odor superclusters was tighter, and the classification success in accordance with Raoult's law and then serially diluted in mineral oil to yield strengths 0.001, 0.01, 0.05, 0.1, or 1ϫ that of the standard.
was greater than with single-trial responses. Thus, the large variance unaccounted for by the first few PCs in the single-trial analyses is To the experimenter, the highest concentration smelled sharp and distinct; the lowest was too weak to be detected. KCs were typically due to (small but widespread in dimension) variation across trials
